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A B S T R A C T   
Modern ethohydraulics is the study of the behavioral responses of swimming fish to flow fields. However, the 
exact drag forces experienced by fish remain poorly studied; this information is required to obtain a better 
understanding of the behavioral responses of fish and their current resistance strategies. We measured near- 
ground frontal drag forces on preserved individuals of three benthic fish species, round goby (Neogobius mel-
anstomus), gudgeon (Gobio gobio) and bullhead (Cottus gobio), in a flow channel. The forces were compared to 
acoustic Doppler velocity (ADV) measurements and fish tracking data based on video observations of live fish in 
the flow channel. Overall, we observed drag coefficients (CD) of ∼10−3 at Reynolds numbers ∼105. The frontal 
drag forces acting on preserved fish with non-spread fins ranged from -1.96 mN*g-1 (force per fish wet weight, 
velocity 0.55 m*s-1) to 11.01 mN*g-1 (velocity 0.85 m*s-1). Spreading the fins strongly increased the drag forces 
for bullhead and round goby. In contrast, the drag forces were similar for gudgeon with spread fins and all fish 
with non-spread fins. Video tracking revealed no clear relationship between the position of the fish in the flow 
field and the forces experienced by the preserved fish at these positions. Collectively, these results suggest that i) 
the differences in frontal drag forces between species are small in homogenous flow, ii) individuals chose their 
position in the flow field based on factors other than the drag forces experienced, and iii) whether fins are spread 
or non-spread is an essential quality that modulates species-specific differences. The methodology and results of 
this study will enable integration of flow measurements, fish behavior and force measurements and inform 
ethohydraulics research. More advanced force measurements will lead to a detailed understanding of the current 
resistance strategies of benthic fish and improve the design of fish passes.   
1. Introduction 
The successful passage of river barriers via fish passes is a global 
conservation goal and research topic (Katopodis and Williams, 2012;  
Williams et al., 2012). Successful passage depends on the physical and 
sensory capabilities, body morphology, behavior and movement phe-
nology of the fish species (Rahel and McLaughlin, 2018). Flow mea-
surements, fish behavior observations and modelling techniques are the 
main methods used to evaluate fish pass configurations (Wang et al., 
2010; Puertas et al., 2012; Tsikata et al., 2014; Baki et al., 2016, 2017a,  
2017b; Lima and Janzen, 2018). However, knowledge on the hydraulic 
preferences and swimming abilities of specific target species and life 
stages may enable the construction of fish passes with improved ef-
fectiveness, even for little-known benthic species (Williams et al., 
2012). Laborde et al. (2020) pronounced the importance of further 
research on the characteristics of relevant species to enhance the 
development of sustainable hydropower. 
The literature indicates that specific, underappreciated hydro-
dynamic processes underlie benthic fish swimming. Most studies have 
focused on the performance of economically relevant fish in fish passes 
(Jansen et al., 1999; Aarestrup et al., 2003; Hirsch et al., 2016b). The 
swimming modes of benthic fish are less continuous than those of pe-
lagic fish and rely more on intermediate or permanent contact with the 
ground. Body shape and pectoral fin usage are suggested to be highly 
relevant to the current resistance of benthic fish. Carlson and Lauder 
(2010) described the strategies used by benthic fish to resist currents 
with specialized body postures leading to negative lift forces. Flow field 
observations based on digital particle imaging close to the pectoral fins 
of Mottled sculpin (Cottus bairdi) revealed that the pectoral fins sig-
nificantly altered the downstream flow field. These effects of the pec-
toral fins were suggested to increase negative lift forces and thereby 
increase station holding capability (Coombs et al., 2007). 
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Even from a basic hydrophysical perspective, the drag forces acting 
on different benthic fish bodies are widely underappreciated. The ki-
nematics of station holding by darter fish were estimated based on 
behavioral and flow observations; subtle body shape differences be-
tween the tested species were assumed to lead to important differences 
in station holding ability (Drucker, 2003; Carlson and Lauder, 2010,  
2011). 
Hydrodynamic forces are increasingly being measured by engineers, 
with a focus on the construction of artificial devices that imitate 
swimming fish (Newman, 1973; Barrett et al., 1999; McLetchie, 2003). 
This progress in the field of hydraulics has not been matched by the 
biological perspective of ethohydraulics, as existing measurements do 
not account for the species-specific and individual morphological 
characteristics of the fish. Here, we aimed to advance the field of 
ethohydraulics by studying benthic fish swimming from both a biolo-
gical perspective (body shape, fin position and movement behavior) 
and hydraulic perspective (flow field and drag forces). 
The invasive round goby (Neogobius melanostomus Pallas, 1814) is 
amongst Europe’s 100 worst invasive species (Hirsch et al., 2016a) and 
has also invaded numerous North American habitats (Brown and 
Stepien, 2009). This small benthic fish species is currently spreading 
upstream into ecologically valuable tributaries in several river systems 
across the globe (Kornis et al., 2012). The round goby is confronted by 
several fish passes during its invasive passages, which raises the ques-
tion of how the round goby—a benthic fish species—is hydraulically 
challenged during its passage of fish passes compared to native benthic 
fish. 
In this context, invasion of the round goby serves as an ideal model 
to determine the importance of the species-specific morphological 
characteristics used to overcome drag forces in fish passes. To approach 
this topic, we performed experiments with round goby and two native 
bottom-dwelling fish species that inhabit similar riverine habitats: the 
gudgeon (Gobio gobio L.) and bullhead (Cottus gobio L.). The rationale 
behind this three-species approach was to detect differences in the drag 
forces acting on various morphologies in the overall understudied ca-
tegory of benthic fish. The mechanisms behind these individual re-
sponses to flow depending on body shape and swimming behavior re-
main unclear. We aimed to fill this knowledge gap with a three-pronged 
experimental approach in a swim canal by: 1. quantifying flow velocity 
in the flow field; 2. measuring the frontal drag forces acting on pre-
served fish bodies in a flow field; and 3. tracking the positions of live 
individuals in the flow field. Based on our video observations of living 
fish in currents, the preserved fish mimicked the body postures of live 
fish while swimming against flow. We expected homogenous flow 
conditions in the measuring chamber of the swim channel due to the 
flow straighteners in the flow channel (experiment 1). Furthermore, we 
expected body shape and fin variation to lead to differences in the 
frontal drag forces and their relationship with flow velocity. Thus, we 
measured the frontal drag forces for similarly sized preserved fish of all 
three species with spread and non-spread fins at one position in the 
swim channel while ramping up the flow velocity (experiment 2). 
Under the assumption that the swim channel creates a homogenous 
flow field but that the fish respond individually to local flow conditions 
based on their morphological characteristics, we expected to observe 
differences in the frontal drag forces depending on the specific location 
of different body shapes within the flow field. Therefore, we created 
maps of the drag forces experienced by the fish models at different 
locations in the flow field (experiment 3). Finally, under the assumption 
that fish behaviorally modulate the frontal drag forces they experience 
by changing their position within the swim canal, we expected that live 
individuals would spend more time at locations with lower frontal drag 
forces in the measuring chamber. Therefore, we video tracked the po-
sitions of live individuals across the chamber at different flow velocities 
(experiment 4). 
2. Materials and methods 
2.1. Fish sampling 
Round goby (n = 26) were sampled between May and October 2018 
in the River Rhine in Basel, Switzerland, using minnow traps baited 
with dog food. Native species were sampled in June 2018 in tributaries 
of the River Rhine: bullhead (n = 13) in the Maispracherbach and 
Wintersingerbach creeks in Magden and gudgeon (n = 23) in the 
Spittelmattbach creek in Basel. All gudgeon, bullhead and 15 round 
goby were anaesthetized, marked with passive integrated transponders 
(PIT-Tags) and carefully transferred to aquaria in the University of 
Basel for swimming tests. All remaining round goby (n = 11) were 
euthanized immediately after catching by an overdose of MS-222 and 
transported to the lab for preservation. Total length (TL) in cm and wet 
weight (WW) in g (Mettler Toledo PL1502-S) were determined in the 
lab. The round goby were sexed based on sexual dimorphism (Kornis 
et al., 2012). We could not unambiguously identify the sex of gudgeon 
or bullhead. 
2.2. Ethics statement 
All experiments were conducted according to local and federal law 
under permission Number 2934 of the Veterinary Office Basel Stadt. 
2.3. Fish preservation 
Nine round goby (TL =9.63 cm  ±  1.91 [standard deviation], WW 
=12.95 g  ±  10.15), 11 gudgeon (TL =11.04 cm  ±  1.41, WW 
=11.83 g  ±  5.82) and six bullhead (TL =11.00 cm  ±  0.61, WW 
=13.46 g  ±  4.82) were preserved with their fins laid onto their body, 
to achieve the non-spread fin treatment (nf). For all fish, fixation 
commenced with a bath of 4% formalin that completely covered the 
whole fish. This was done to avoid the effect of rigor mortis on fish 
flexibility and to maintain as comparable conditions between the fish as 
possible. To enable a comparison of only the effect of body shape on the 
forces experienced in the flow between the fish species, the bodies of 
the nf-treatment were adjusted to be as straight and symmetric as 
possible using needles before formalin fixation (S1). We assumed this 
body posture would provide the best representation of a fish over-
coming increased current: when the fins are close to the body to de-
crease the body surface area exposed to the flow, as observed in the 
swimming videos of living fish. 
The second group of fish were used to explore the effect of the fins 
on the frontal drag forces. We created a naturally spread fin config-
uration (sf treatment) for 17 round goby (TL =11.11 cm  ±  1.81, WW 
=18.20 g  ±  9.79), 12 gudgeon (TL  = 10.73 cm  ±  1.16, WW   
= 10.59 g  ±  4.53) and seven bullhead (TL =11.36 cm  ±  1.30, WW 
=15.29 g  ±  5.68; S1). Needles were used to puncture the muscle tis-
sues associated with the fins to spread the fins in a natural manner with 
as little impact on the body shape as possible. 
After three days in the formalin solution, the fish were transferred 
through a graded series of ethanol solutions with increasing con-
centrations (24 h in 40 % ethanol, 24 h in 60 % ethanol and further 
storage in 75 % ethanol) to reduce shape changes of the fish induced in 
case of rapid concentration increases. 
2.4. Force measuring device 
A Vernier Go Direct Force and Acceleration Sensor (GDX-100609) 
and Vernier Graphical Analysis v4.4.0-945 software were used to 
measure the near-ground frontal drag forces acting on the fish in a swim 
tunnel (Loligo Systems, Swim Tunnel Respirometer #SW10250; 185 L 
volume, 88 * 25 * 25 cm measuring chamber). The sensor was fixed 
over the water surface (Fig. 1) and connected to a 50 cm long (3 mm- 
diameter) brass stick connected to a scaffold. A swivel connection 
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between the stick and scaffold ensured free oscillation of the stick on 
one axis. The sensor was connected to the stick 5 cm below the swivel 
via a flexible clamp connection. The drag force acting on the lower end 
of the stick with fish attached (FBottom) was calculated using the lever 
principle: 
=F F A*Bottom Sensor
with FSensor representing the force detected by the sensor and A being 
the quotient between the entire fixation stick length (St =50 cm) and 
the distance from the swivel to the sensor connection (Se =5 cm;  
Fig. 1). 





Reference measurements without fish were performed to account 
for the drag force of the flow field on the fixation stick. To determine 
the force acting only on the fish (FFish), the force acting on the stick 
(FStick) was subtracted from the forces measured when the fish were 
placed at the end of the stick (FBottom). 
=F F FFish Bottom Stick
Forty-five equidistant measurement points were chosen in the 
measuring chamber (Fig. 2, 4). The last row of measurement points in 
the downstream direction was located 10 cm upstream of the water 
outlet to ensure that the caudal fins of the preserved fish had no phy-
sical contact with the grid at the downstream end of the measuring 
chamber. 
We exclusively measured frontal drag forces in the flow direction. 
The measuring device was adjusted to be exactly parallel to the flow 
channel plane, using spirit levels integrated into the scaffold. We 
maintained the distance to the ground (5–10 mm) and contact between 
the fish or stick and bottom was prevented to avoid the impact of un-
controlled friction on our measurements. 
2.5. Force measurement procedure 
The needles were removed from the preserved fish. After fixation on 
the measurement device (Fig. 1), the fish were photographed (Canon 
EOS 70D) in frontal and lateral view through the window in the 
Fig. 1. Experimental setup (A) and the tested 
preserved individuals prior to the measure-
ments in experiment 2 (B). The fish were fixed 
on the stick close to ground and the force 
(FBottom) induced by the flow was transduced 
to the sensor (S) via a joint (j) and a flexible 
clamp connection between the sensor and the 
stick. The distance between the fish and joint 
(St) and the distance between the sensor con-
nection and joint (Se) were used to calculate 
the force acting on the fish (FBottom). The 
sensor was fixed on a scaffold, resulting in an 
opposing force (FSensorC and FBottomC), keeping 
the fish in position. In experiment 2, the forces 
were measured for a single nf-round goby (B1, 
B2), sf-round goby (B3, B4), nf-gudgeon (B5, 
B6), sf-gudgeon (B7, B8), nf-bullhead (B9, B10) 
and sf-bullhead (B11, B12). The fish are dis-
played in frontal (odd numbers) and lateral 
(even numbers) views. 
Fig. 2. Flow channel (A) with rotor (r), flow straighteners (fs), flow direction 
(f), window (s) and lattice (l). Fish were prevented from leaving the measure-
ment chamber (m) by flow straighteners (upstream) and the lattice (down-
stream). The water (w) had a depth of 29 cm and covered the whole flow 
channel. The flow velocity is provided for the 0.55 m*s−1 velocity step (B) with 
the locations of the acoustic Doppler (black squares) shown in three profiles (a, 
b, c) and distances in cm. 
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measuring chamber to determine the frontal projected surface area 
(FPSA) using ImageJ 1.52p. Then, the fish were adjusted over one 
measuring point and the sensor was reset to commence recording (zero 
velocity). The flow velocity was increased in a stepwise manner fol-
lowing a ramping design (see below) and frontal drag forces were 
measured for 60 s at each flow velocity step. A compilation of published 
data on benthic fish swimming performance found a positive relation-
ship between size and swimming performance (Hirsch et al., 2016b). 
Therefore, we divided the drag force by the wet weight of the fish 
(mN*g−1) to account for the size of individual fish. 
The pectoral fins of nf-bullhead tended to spread during the pre-
servation process (Fig. 1B9); thus, we artificially attached the pectoral 
fins by sewing three needle stitches using cotton sewing thread in this 
experiment. Preservation was satisfactory for round goby and gudgeon, 
thus artificial attachment of the fins was not necessary for these species. 
2.6. Experiment 1: velocity 
Flow measurements were conducted in the swimming chamber 
using a Nortek Vectrino Acoustic Doppler Velocimeter with the probe 
directed downwards in three transverse profiles within the measuring 
chamber; each transverse profile contained 12 measurement points 
(Fig. 2B, a, b, c). Each measurement was performed for 4 min at a data 
collection rate of 25 Hz. The data were processed using WinADV soft-
ware and the mean flow velocities were illustrated using Tecplot 360 
(Tecplot Inc.) for each point as linear interpolated values. Due to 
temporal restrictions, the measurements were performed for three 
ramping design velocities that were considered relevant to benthic fish 
swimming: 0.25, 0.55 and 0.85 m*s−1 (Tudorache et al., 2008; Tierney 
et al., 2011). 
2.7. Experiment 2: change in frontal drag force with velocity 
This experiment was performed to determine the change in drag 
forces for the three species as velocity increased and the effect of fin 
position on the drag forces experienced. The measuring device was 
located over the center measuring point. Three individual nf- and sf- 
round goby, -gudgeon and -bullhead were adjusted one fish at a time on 
the fixation device and the drag forces were measured for 60 s at a rate 
of 100 Hz (to account for short-term fluctuations in the forces due to 
vortices) at velocities of 0.30, 0.35, 0.45, 0.55, 0.65, 0.75, 0.8, 0.85, 
0.95, 1.05, 1.15 and 1.25 m*s−1 The force data were used to compute 







with ρ being the density of water at 20 °C (998.2 Kg*m−3; Nakayama, 
1999) and u being the velocity [m*s-1]. Additionally, we computed the 
Reynolds number (Re; Reynolds, 1883): 
=Re u T* * L
with being the dynamic viscosity of water at 20 °C (10−3 Pa*s;  
Nakayama, 1999; Table 1). 
Personal observations and fast Fourier transformation (FFT) of the 
reference drag forces indicated a sudden and steep increase in vibration 
of the stick at velocities greater than 1.0 m*s−1 (S2). Therefore, we only 
included data recorded at velocities lower than 1.0 m*s−1 in our ana-
lysis. 
2.8. Experiment 3: force maps 
Single preserved nf-round goby, nf-gudgeon and nf-bullhead speci-
mens were tested at different locations in the measuring chamber 
(Fig. 2) to compare the local forces experienced with the positions of 
live fish at the same velocities (experiment 4). The frontal drag forces 
were measured twice per second (2 Hz) over 60 s, resulting in 121 va-
lues per measurement point, treatment and velocity. To focus on the 
forces acting at different locations and at different velocities in the flow 
chamber, the measurements were performed for 45 measurement 
points at velocities of 0.25, 0.55 and 0.85 m*s−1 for every treatment. 
Using the filled.contour() function of the ggplot2 package in R i386 3.5.1, 
we created maps of the forces measured at different locations (Fig. 4). 
Furthermore, we compared the forcemaps of the different treatments by 
correlation analysis (Spearman) using the ggpubr package and cor() 
function of R. 
2.9. Experiment 4: tracking 
The locations of live fish in the measuring chamber were extracted 
from videos generated for another study on the comparative swimming 
behaviour and performance of benthic fish species (Egger et al., in 
preparation). A transparent cover was placed over the measuring 
chamber to prevent fish jumping out of the water. After the fish were 
acclimatised for 20 min at zero velocity, the flow velocity was succes-
sively ramped up to 0.15, 0.25, 0.35, 0.45 and 0.55 m*s−1. Each ve-
locity step was maintained for 10 min and the fish were filmed from 
directly above the swim tunnel using a GoPro Hero 4® camera. All 
footage was analysed using Solomon Coder software (vers. beta 
17.03.22). The position of individual fish in the measurement chamber 
for each completed velocity step was tracked using idTracker vers. 2.1 
(Perez-Escudero and de Polavieja, 2011). If a fish became fatigued, the 
experiment was stopped for that individual and all completed velocity 
steps were included in the tracking analysis. This resulted in footage 
ranging between 45 and 172 min per individual (S3). 
The R package vec2dtransf version 1.1 (Carrillo, 2012) was used to 
correct for the slightly different camera positions between trials. Round 
goby and bullhead swam close to or a few centimeters above the 
ground. However, a few individual gudgeon also moved higher up in 
the chamber water column; some swam up to 10 cm above the ground. 
Since the swimming occurred above the ground across all trials overall, 
we focused on the x- and y-coordinates in the plane field of the chamber 
for our analyses. Scatter plots were created based on the x- and y-co-
ordinates of the fish position in every video frame and projected on the 
force maps (experiment 2) to enable a visual comparison (Fig. 4). 
3. Results 
3.1. Experiment 1: velocity 
The velocity measurements showed the flow field was relatively 
uniform overall, but also indicated some differences in the transverse 
and longitudinal profiles of the flow field in the measurement chamber 
(Fig. 2, Table 1). There was a skewness in the velocity distribution of 
the different profiles. The maximum measured flow velocities of profile 
b shifted slightly to the left (downstream view) compared to the 
Table 1 
Mean velocities and standard deviation (SD) determined by acoustic Doppler in 
the measurement chamber for the different profiles (Fig. 2).      
Channel Velocity [m*s−1] Profile Mean Velocity [m*s−1] SD  
0.25 a 0.239 0.062 
b 0.257 0.059 
c 0.208 0.065  
0.55 a 0.523 0.086 
b 0.496 0.097 
c 0.435 0.124  
0.85 a 0.801 0.031 
b 0.796 0.081 
c 0.763 0.039 
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upstream profile (Fig. 2a). This skewness together with the flow dif-
ferences at the different profiles is assumed to result from the 180° arc 
of the flow induced by the shape of the flow channel (Fig. 2), which 
may have led to longitudinal velocity distribution variations. 
3.2. Experiment 2: change in frontal drag force with velocity 
The forces experienced by the preserved fish in the flow field in-
creased with the velocity (Fig. 3). Larger frontal drag forces per fish 
weight were detected for sf-bullhead and sf-round goby, while the 
frontal drag forces acting on all nf-fish were rather small (maximum 
2.93 mN*g−1 ± 1.45 SD for nf-round goby at 0.95 m*s−1). As flow 
velocity increased, the forces acting on sf-gudgeon were similar to all 
nf-fish. This, together with the percentage of FPSA induced by the 
pectoral fins being reduced for sf-gudgeon compared to sf-bullhead and 
sf-round goby (Table 2), suggests that the pectoral fins of gudgeon have 
the smallest impact on the frontal drag forces experienced of all tested 
species. The mean percentage of FPSA induced by the pectoral fins for 
sf-gudgeon was 23.63 % ± 2.39 SD, for sf-round goby 51.51 % ± 4.02 
SD and for sf-bullhead 48.96 % ± 3.8 SD. The proportion of FPSA in-
duced by the fins for the nf-fish was generally smaller: 3.09 % ± 5.36 
SD for round goby, 2.90  ±  5.02 SD for gudgeon and 1.05  ±  1.43 SD 
for bullhead. In addition, the point of fin insertion is more ventrally 
located and extends over a smaller area than in the other species, which 
likely contributes to reduced forces in sf-gudgeon (Fig. 1B). 
Considering the FPSA of the preserved fish (Table 2), the frontal 
drag forces of the different treatments were in accordance with the 
FPSA exposed to the current. At high FPSA, a large frontal drag force 
was observed; sf-bullhead had the largest recorded FPSA (Table 2) and 
largest frontal drag forces of all tested treatments (Fig. 3). In contrast, 
smaller frontal drag forces were detected at lower FPSA (e.g. nf-gud-
geon). 
The largest influence of fin position on FPSA was observed for 
bullhead, with a difference of 2.33 cm2 of the mean FPSA between sf 
and nf, while the smallest impact was observed between sf- and nf- 
gudgeon (0.48 cm2). The difference of the mean FPSA between sf- and 
nf-round goby was 1.97 cm2. This suggests that the spread fin-treatment 
increased the FPSA for bullhead and round goby and thus—unlike 
gudgeon—live bullhead and round goby can markedly affect the drag 
force they experience. 
The CD-values of sf-fish were highest for sf-bullhead (8.19*10−3) 
and lowest for sf-gudgeon (4.10*10−3), while the CD-values of nf-fish 
were highest for nf-round goby (3.39*10−3) and lowest for nf-bullhead 
(1.81*10−3) at a velocity of 0.95 m*s-1 and Re ∼1*105. In general, the 
sf-gudgeon displayed similar hydrodynamic characteristics to the nf- 
gudgeon. Up to 92.64 % of the drag force experienced by nf-gudgeon at 
0.35 m*s-1 was induced by the fixation stick (reference). In contrast, the 
lowest proportion of drag force due to the reference was measured for 
sf-bullhead (47.00 % at 0.45 m*s-1). The forces measured on all nf- 
treatments were only slightly larger than the reference (Fig. 3), in-
dicating the forces acting on nf-fish are generally small. 
3.3. Experiment 3: force maps 
Similarly to experiment 2, the drag forces experienced by the fish at 
the 45 different measurement points varied between the fin position 
treatments, fish species, and flow velocity. We recorded larger forces for 
sf-fish than nf-fish. The SDs of the frontal drag forces measured at dif-
ferent locations increased with velocity for every treatment (Table 3). 
Increasingly negative frontal drag forces were observed as velocity in-
creased for nf-round goby. Positive frontal drag forces, which increased 
with velocity, were recorded for all sf-fish (Table 3). 
The smallest mean frontal drag force, as well as the lowest FPSA, 
were observed for the nf-round goby compared to all other tested fish 
(Table 3). On the contrary, the sf-round goby displayed the largest FPSA 
of all treatments and experienced the largest frontal drag force. The 
smallest difference in FPSA between the two fin position treatments was 
observed for gudgeon (FPSA difference between sf- and nf-gudgeon was 
21.03 % of the sf-gudgeon FPSA, for round goby 75.00 % and for 
bullhead 43.82 %). This was in agreement with small drag force dif-
ferences between both fin position treatments (the difference became 
smaller as the velocity increased, up to the maximum difference of 4.75 
mN*g−1 observed at a velocity of 1.15 m*s−1). This suggests fin po-
sition has minimal impact on the drag force experienced by gudgeon. 
Furthermore, the maximal frontal drag force observed for the nf-bull-
head (8.87 mN*g−1) was explicitly larger compared to the drag forces 
for nf-round goby (-2.30 mN*g−1) and nf-gudgeon (-0.87 mN*g−1); 
this may be related to the slightly spread pectoral fin of the preserved 
nf-bullhead (Fig. 1B9), suggesting that small variations in fin adjust-
ment (such as slightly spread fins) can also have a large impact on the 
frontal drag forces experienced. 
3.3.1. Force correlations 
The spatial distribution of frontal drag forces was compared 
Fig. 3. Uncorrected forces acting on round goby (Nm), gudgeon (Gg) and bullhead (Cg) with spread fins (sf) and non-spread fins (nf) and the reference (fixation stick 
without fish) measured in the central location of the flow channel. Three individuals were tested for each group (A). The corrected forces (subtracted reference and 
division by the wet weight also increased with velocity (B). 
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between round goby and the two other species by correlation analysis 
(Fig. 6). The 95 % confidence ellipses of sf-fish, separated from the 
ellipses of the nf-fish, were in agreement with the findings of experi-
ment 2: the sf-fish experienced larger frontal drag forces than the nf- 
fish. 
Furthermore, the nf- and sf-bullhead experienced stronger frontal 
drag forces than gudgeon at 0.55 and 0.85 m*s−1 (Fig. 6B, C). As 
inferred from the point clouds around the dashed line, the frontal drag 
forces acting on sf-bullhead were similar to those experienced by sf- 
round goby at 0.25, 0.55 and 0.85 m*s−1 (Fig. 6A, B, C). In contrast, the 
frontal forces acting on nf-bullhead were always larger than the forces 
on nf-round goby. 
The frontal forces acting on sf-gudgeon were always smaller than 
the forces acting on sf-round goby. However, at velocities of 0.25, 0.55 
Fig. 4. Bird’s-eye view of the measuring chamber at a velocity of 0.25 m*s−1 for nf-round goby (A), nf-gudgeon (B) and nf-bullhead (C) and at velocity of 0.55 m*s−1 
for nf-round goby (D), nf-gudgeon (E) and nf-bullhead (F) showing the frontal drag forces at the related locations. Grey dots represent the presence of one fish in one 
video frame in the measuring chamber. The drag force acting on the fixation stick is displayed for velocities of 0.25 m*s−1 (Reference 1) and 0.55 m*s−1 (Reference 
2). The measurement points (n = 45) are represented by black crosses at the references and the central point applied in experiment 1 is marked by black circles. 
J. Wiegleb, et al.   Limnologica 84 (2020) 125812
6
and 0.85 m*s−1 the frontal forces acting on nf-gudgeon were larger 
than those experienced by nf-round goby at the majority of measure-
ment points, although the ellipses overlapped with the dashed line. 
The formation of point clouds inside the ellipses shows a degree of 
similarity in the forces experienced by bullhead and gudgeon compared 
to round goby. The majority of correlations were not significant, in-
dicating a large discrepancy between how drag forces act on different 
species at increasing velocities (nf-gudgeon and nf-round goby at 0.25 
m*s−1 [Fig. 5A, r = 0.114, p = 0.45], nf-gudgeon and nf-round goby at 
0.55 m*s−1 [Fig. 6B, r = −0.08, p = 0.59], both fin position treat-
ments for bullhead and round goby at 0.55 m*s−1 [Fig. 6B, sf: r = 0.09, 
p = 0.55; nf: r = −0.01, p = 0.94], nf-gudgeon and nf-round goby 
[r = 0.13, p = 0.38], as well as sf-bullhead and sf-round goby at 0.85 
m*s−1 [r = 0.18, p = 0.24]; Fig. 6C). In contrast, we detected sig-
nificant correlations for the other eight comparisons, which suggests 
local differences in the frontal drag forces experienced between species. 
For example, there was a significant positive correlation, indicating 
increased similarity, between both bullhead fin position treatments and 
round goby at 0.25 m*s−1 velocity (nf: r = 0.43, p = 0.004; sf: 
r = 0.49, p = 0.001). A similar positive correlation was observed be-
tween sf-gudgeon and sf-round goby (r = 0.64, p  <  0.01). At a velocity 
of 0.55 m*s−1, a significant correlation was only detected between sf- 
gudgeon and sf-round goby (r = 0.62, p  <  0.01). At 0.85 m*s−1, a 
significant correlation occurred between sf-gudgeon and sf-round goby 
(r = 0.48, p  <  0.01), with a significant negative correlation between 
nf-bullhead and nf-round goby (r = −0.46, p  <  0.01); this correlation 
indicates that frontal drag forces were larger for round goby at locations 
where the frontal drag forces acting on bullhead were smaller, and vice 
versa. These data based on preserved fish support the notion that fish 
can reduce the drag forces they experience by changing their position 
within a small flow field. 
Overall, the points representing the frontal drag forces measured at 
the central position in experiment 2 (Fig. 4, black circles) tended to 
cluster toward the center of the point clouds. Additionally, the points 
for sf-fish were close together and the points for nf-fish were close to-
gether. This indicates that the forces experienced by the tested fish were 
more similar in the center of the measurement chamber than at other 
locations. 
3.4. Experiment 4: tracking 
Tracking of the positions of live fish within the chamber revealed a 
high density of records near the sidewalls and corners of the measuring 
chamber (Fig. 4, 5). As these locations were outside the area covered by 
the force and flow measurements, further quantification of the re-
lationship between the positions of the fish and forces was unreason-
able. However, some important insight can be extracted from the gra-
phical combinations of the fish positions and forces (Fig. 4). Generally, 
we observed position records reduced as velocity increased, resulting 
from increased fish fatigue at stronger velocities (Fig. 4). The highest 
number of fish movements (as inferred from the scatter of recorded 
positions across the measuring chamber) was detected for round goby 
Table 2 
Total length (TL), wet weight (WW), frontal projected surface area (FPSA), the proportion of the pectoral fins of the total FPSA (Fin FPSA), drag coefficients (CD) and 
Reynolds numbers (Re) measured for round goby (Nm), gudgeon (Gg) and bullhead (Cg) with spread fins (sf) and non-spread fins (nf) in experiment 2 at a velocity of 
0.95 m*s−1.                






± SD FPSA 
[cm2] 
CD (*10−3) Mean CD  
(*10−3) 
SD CD  
(*10−3) 




sf-Nm-1 8.8 8.38 female 2.01 46.97 3.61 1.77 7.41 6.71 1.34 0.76 0.95 0.18 
sf-Nm-2 10.1 14.21 male 3.29 52.98 7.57 0.96 
sf-Nm-3 11.8 21.73 male 5.52 54.58 5.17 1.12 
sf-Gg-1 11.1 10.49 undetermined 1.55 22.13 2.12 0.65 6.14 4.10 2.34 1.05 1.05 0.03 
sf-Gg-2 11.3 10.49 undetermined 2.22 22.39 4.59 1.07 
sf-Gg-3 10.7 9.12 undetermined 2.85 26.39 1.55 1.01 
sf-Cg-1 10.8 15.68 undetermined 4.82 53.32 4.74 0.24 8.94 8.19 0.77 1.02 1.01 0.03 
sf-Cg-2 10.8 17.85 undetermined 4.93 47.26 8.22 1.02 
sf-Cg-3 10.3 13.87 undetermined 4.47 46.31 7.40 0.98 
nf-Nm-1 8.3 6.65 female 1.30 0.00 1.64 0.32 3.07 3.39 1.73 0.83 0.87 0.04 
nf-Nm-2 9.2 9.70 female 1.66 0.00 5.25 0.87 
nf-Nm-3 9.6 11.70 female 1.95 9.28 1.84 0.91 
nf-Gg-1 10.5 9.68 undetermined 1.53 8.69 1.69 0.40 3.31 1.90 1.31 1.00 1.06 0.14 
nf-Gg-2 12.9 18.49 undetermined 2.15 0.00 1.67 1.22 
nf-Gg-3 10.2 8.84 undetermined 1.40 0.00 0.73 0.97 
nf-Cg-1 10.8 15.49 undetermined 2.17 0.00 2.42 0.49 2.08 1.81 0.70 1.02 1.08 0.05 
nf-Cg-2 11.8 19.53 undetermined 2.98 2.68 2.35 1.12 
nf-Cg-3 11.5 17.93 undetermined 2.10 0.48 1.02 1.09 
Table 3 
Frontal projected surface area (FPSA), the proportion of the pectoral fins of the total FPSA (Fin FPSA), total length (TL) and wet weight (WW) and mean and standard 
deviation (SD) of frontal drag forces in mN*g−1 (mean) determined in experiment 3 for round goby (Nm), gudgeon (Gg) and bullhead (Cg) with spread (sf) and non- 
spread fins (nf) at different velocities (m*s-1).               
Fish ID FPSA 
[cm2] 
Fin FPSA TL WW 0.25 m*s−1 0.55 m*s−1 0.85 m*s−1 1.15 m*s−1 
[%] [cm] [g] Mean SD Mean SD Mean SD Mean SD  
sf-Nm-4 5.36 55.39 8.00 7.81 1.83 0.49 5.88 1.48 11.50 4.25 10.48 5.33 
nf-Nm-4 1.34 0.00 9.00 9.43 −0.26 0.31 −0.51 0.81 −1.68 1.79 −2.30 3.54  
sf-Gg-4 2.71 33.39 11.80 15.01 1.05 0.33 2.55 0.86 4.72 1.99 3.88 2.61 
nf-Gg-4 2.14 11.87 11.40 11.26 0.21 0.23 0.53 0.61 0.48 2.08 −0.87 2.98  
sf-Cg-4 3.39 62.15 9.90 11.42 1.69 0.31 6.22 0.99 14.40 2.19 18.42 4.29 
nf-Cg-4 1.90 17.63 9.30 9.18 0.54 0.25 2.89 0.77 7.20 2.45 8.87 3.18 
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at 0.25 m*s−1, which was also the treatment with the lowest measured 
forces at this velocity (Fig. 4A). In contrast, the lowest fish activity (i.e. 
the fewest fish position records) was detected for bullhead at 0.55 
m*s−1, when the strongest forces were measured. Reduced scattering of 
the position of round goby was observed at 0.55 m*s−1, when our 
measuring device detected the strongest negative frontal drag forces. 
4. Discussion 
The aim of this study was to increase our knowledge of how benthic 
fish experience currents by comparing experimental drag force and flow 
measurements with fish tracking data. The frontal drag forces acting on 
fish depend on their fin position and location in the measurement 
chamber. In comparison to the strong effect of fin position on the 
frontal drag forces experienced by round goby and bullhead, the kind of 
species had a rather small effect on the forces experienced at both fin 
position treatments. The fins induced the most important interspecies 
differences in drag forces, indicating that live fish have divergent 
abilities to interact and manipulate the flow field surrounding their 
body (Carlson and Lauder, 2011). However, for gudgeon, their fins may 
Fig. 5. Planar distribution of fish detections from the tracking analysis in the measurement chamber at different velocities (m*s−1) for round goby (black), gudgeon 
(grey) and bullhead (bright grey). View orientation is provided in a drawing of the measuring chamber (A) with the flow direction indicated (blue arrow). Each single 
recording across all the video frames for each individual and for each velocity step was recorded and stacked as a summed histogram, thus illustrating the individuals’ 
whereabouts during the experiment. 
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have minimal impact on the frontal drag forces experienced. Due to the 
small impact of the pectoral fins on the frontal drag forces experienced 
by gudgeon and their strong swimming capabilities, it is possible that 
the pectoral fins of gudgeon mainly exert a piloting function. This 
swimming mode is in accordance with the BCF mode (body and/or 
caudal fin locomotion), characterized by propulsion through a wave 
moving backwards through the body and caudal fins (Sfakiotakis et al., 
1999). This swimming mode and fin function may enable gudgeon to 
swim in the water column at higher velocities (as observed in experi-
ment 3) and is in accordance with Tudorache et al. (2008), who re-
ported unexpectedly high critical swimming speeds, even though gud-
geon are assumed to be bottom-dwellers. When comparing the 
morphology, relative size, and insertion of the pectoral fins between 
gudgeon and round goby and bullhead, it appears that the gudgeon’s 
pectoral fins might have a less important function in modulating ne-
gative lift forces (Coombs et al., 2007). In contrast, round goby and 
bullhead may use their pectoral fins and higher FPSA (compared to 
gudgeon) to produce negative lift forces to resist the current (personal 
observation; Koehl, 1984; Coombs et al., 2007; Tudorache et al., 2008;  
Carlson and Lauder, 2010). Although we did not measure lift forces, it is 
likely that both species are able to adjust their fins to vertically deflect 
the frontal drag force to the ground and increase friction. 
Round goby diverged from gudgeon and bullhead, especially in 
their ability to change FPSA. Furthermore, round goby experience 
much stronger negative frontal drag forces than gudgeon and bullhead. 
Together with previous work demonstrating the ability of round goby to 
switch between the BCF and MPF (median and/or paired fins) swim-
ming modes (Pennuto and Rupprecht, 2016), we assume round goby 
may be able to adapt their swimming mode to local flow conditions. 
This behavior could enable round goby to overcome fish passes and aid 
their spread into upstream tributaries. This flexibility may be a com-
pensation for the poor morphological specialization of round goby 
(Jakubčinová et al., 2017) and could be another factor that explains the 
invasive success of this species. 
Initially, the negative frontal drag forces—especially for the nf- 
round goby in experiment 2—seemed counterintuitive. However, Beal 
et al. (2006) reported that the bodies of dead fish produce enough 
propulsion at specific vortex conditions to overcome their own drag and 
move against the direction of flow. As the flow was altered by the 180° 
arc of the flow channel (Fig. 2) and we detected the strongest negative 
drag forces in the upstream area of the flow channel, it is likely that 
such propulsion occurred in our experiment. This could create 
Fig. 6. Frontal drag force comparison by correlation between round goby and the two comparison species (bullhead and gudgeon) at velocities of 0.25 (A), 0.55 (B), 
and 0.85 m*s−1 (C) for fish with spread fins (sf) and non-spread fins (nf) and reading instruction for this figure (D). Every point represents one measurement point in 
the flow chamber (n = 45). The measurement point of experiment 1 is marked by a black circle for every treatment. 
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beneficial hydrodynamic conditions for round goby, potentially redu-
cing the muscle activity required while swimming, as described for 
trout (Oncorhynchus mykiss; Liao et al., 2003). This phenomenon was 
especially observed for nf-round goby, and can be formulated as the 
hypothesis that round goby have an advantage in currents over bull-
head and gudgeon. However, the tracking data did not reveal more 
points at areas with negative forces, thus further tests are necessary to 
support this conclusion. 
Apart from behavioral adaptation, morphological adaptations to 
currents have been described in fish (Imre et al., 2002; Franssen et al., 
2013; Pennuto and Rupprecht, 2016). Body shape was observed to di-
verge between individuals from stream and reservoir habitats in a cy-
prinid species (Franssen et al., 2013) and Imre et al. (2002) found ju-
venile brook charr (Salvelinus fontinalis) that inhabited habitats with 
high flow velocities had larger caudal fins and more slender bodies 
compared to those from low velocity habitats. Due to our small sample 
size, we have to be careful when deriving conclusions related to body 
shape-induced differences. However, the variation in the locations of 
the point clouds and directions of the correlations varying with velocity 
for some fish in experiment 3 suggest that the frontal drag forces differ 
between species due to morphological differences. Together with our 
findings of the high impact of fin position and behavioral differences 
between species, it is likely that our approach of measuring the drag 
forces using preserved fish is promising to advance our knowledge of 
the interactions between hydrodynamics and benthic fish swimming. 
Most importantly, using preserved fish excludes the confounding fac-
tors affecting fish behavior (such as adaptation, condition and tem-
perature). 
Although the flow velocity varied within the measurement chamber, 
the live fish did not follow the patterns of reduced drag force and re-
duced velocities. Instead, the fish preferred locations close to the side 
walls. This is assumed to be a behavioral response of the fish to the 
flow, aiming at reducing energetic costs, as described by Cook and 
Coughlin (2010) for rainbow trout. Acoustic Doppler could not reliably 
quantify the flow directly above the surface and in the corners of the 
chamber, where the fish were frequently located. So, although we could 
not achieve a quantitative comparison of locations and forces, we can 
still relate the patterns observed to current scientific knowledge. Haro 
et al. (2004) reported the lowest velocities near the walls and floor of an 
open-channel flume. Based on general hydrodynamic observations, the 
flow characteristics in the corners of a rectangular channel strongly 
differ from the flow in the center of the channel. Mean velocity is re-
duced in the corners due to the shear effect and secondary flows de-
veloped (Chow, 1959). We assume that, in our study, boundary effects 
and the secondary flow field in the corners of the channel at locations 
close at the ground and close to the wall were more favorable to fish 
than the open area of the measurement chamber. The importance of 
behavioral effects is evident from the large number of locations re-
corded at the downstream water outlet grid, which indicates the ma-
jority of fish were not motivated to swim and rested near the grid, 
where the physical structure of the grid and vortices may have sup-
ported their body against the flow. However, these problems of in-
dividual motivation are avoided in force measurements of preserved 
fish, and allowed species-specific flow characterization of the flow 
fields acting on fish bodies without the need to test living individuals. 
Measurements of preserved fish provide a more accurate representation 
of the forces fish have to overcome when ascending a fish pass, as the 
results are independent of fish motivation and behavior. Measurement 
of frontal drag forces helps to understand the effort fish have to invest 
when overcoming currents, without using live experimental animals, 
which is beneficial in terms of the uncertainties of planning and con-
ducting experiments with living animals. Although we can only mea-
sure one factor at a time, either force or behavior, the combinatory 
approach holds promise for quantification of forces, which we assume 
are relevant to behavior. In the context of invasive species such as the 
round goby, additional knowledge on forces and the behavioral 
response of the fish on these forces may inform the design of fish passes 
in which currents are adapted to impede or facilitate the migration of 
specific target species (Williams et al., 2012). 
As a result of our decision to use preserved fish, we focused on the 
physical response of the fish bodies based on the sum of morphological 
and body posture characteristics. This is a methodological novelty 
compared to previous studies that measured the forces acting on arti-
ficial fish models with over-simplified shapes (Newman, 1973; Barrett 
et al., 1999; McLetchie, 2003). The use of multidirectional force sensors 
in future experiments will greatly advance our ability to fully describe 
the forces experienced by the bodies of fish. 
Hydraulic modelling and measurements of swim canals or large fish- 
ways have enabled substantial advancements in ethohydraulics in re-
cent years (Plew et al., 2007; Lindberg et al., 2013). These measure-
ments were interpreted in the context of direct visual (Plew et al., 2007) 
or indirect automated tracking information on fish behavior (Lindberg 
et al., 2013). To the best of our knowledge, fast-swimming ‘flagship’ 
species—which have rather large body sizes—have been the focus of 
ethology, rather than benthic fish (Plew et al., 2007; Lindberg et al., 
2013). For example, Lindberg et al. (2013) elaborately modelled the 
flow below a hydropower tailrace in a Swedish river. These hydraulic 
data were combined with ethological data on the movements and po-
sitions of Atlantic Salmon (Salmo salar L.) below the tailrace. Combi-
nation of these datasets enabled identification of the optimal position 
for a planned fishway entrance. Using a similar approach, but under 
more controlled conditions, Plew et al. (2007) mapped a flow chamber 
using acoustic Doppler and then compared the variation in the swim-
ming acceleration and maximum speed of a galaxiid (Galaxius macu-
latus) with the flow variations. Due to the typically low Reynolds 
number of fish bodies, major energy expenditure should be required to 
overcome the drag acting against the body, at least for carangiform or 
subcarangiform swimmers, the most common swimming types among 
temperate freshwater fish. Since the drag force is proportional to ve-
locity squared, the fish should both minimize overall drag and also vary 
their swimming velocity to conserve energy (Anderson et al., 2001). 
Therefore, fish should follow the path with minimal drag forces that 
requires minimal acceleration. Our study is the first to quantify the drag 
forces acting on the bodies of fish. This data can now be used to ad-
vance existing procedures to study fish passage. However, we did not 
observe that benthic fish follow force patterns in homogenous flow, 
suggesting that other factors influence the swimming behavior of 
benthic fish beyond frontal drag forces alone. Our data has the potential 
to advance traditional approaches, such as hydraulic modelling of flow 
velocities in a fish-way. Gisen et al. (2017) used fish-size-speed rela-
tions based on an ethohydraulic scale to make conclusions related to 
fish migration corridors. Our data, in combination with living fish be-
havior tracked as movement corridors and vicinity to structures as two 
novel parameters, could advance these approaches. These novel para-
meters have the potential to generate more realistic fish swimming 
models. 
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